Abstract
Introduction
Cognitive impairment is known to be a common non-motor symptom in individuals with Parkinson's disease (PD), and ultimately 80% of PD patients will progress to Parkinson's disease with dementia (PDD) [1] . Cognitive impairment of a lesser severity is designated as mild cognitive impairment (PD-MCI) [2] , which is conceptualized as a transitional stage between normal cognition and dementia. Increasing evidence suggests that PD-MCI might be a powerful predictor for the development of dementia [3] . Radionuclide brain imaging, by means of SPECT and PET, can help in understanding the pathophysiological basis of cognitive deficits. Previous FDG-PET studies have revealed a prevalence of posterior parietal and occipital hypometabolism in PDD subjects [4] [5] . Recent studies have also demonstrated that specific patterns of cortical and subcortical metabolic abnormalities are associated with PD-MCI patients, characterized by reduced metabolism in the frontal and temporo-parieto-occipital regions [6] . PET imaging could also be a useful tool for evaluating brain metabolic changes over time. A longitudinal study evaluating glucose metabolism in nondemented PD patients found that those who converted to dementia several years later had a reduction in FDG uptake in visual association and posterior cingulate cortices at baseline compared with controls, concluding that these metabolic reductions could represent an early predictor of dementia [7] . Other research has also demonstrated that significant hypometabolism in the precunei and temporal areas may be associated with the onset of significant cognitive decline [8] .
However, most previous studies have focused mainly on comparing the cerebral metabolism of PD patients with controls, the regional cerebral glucose metabolism features among the different cognitive states in PD, particularly PDD and PD-MCI, were poorly elucidated. Additionally, regional cerebral glucose metabolism in PD-MCI has not yet been investigated in a Chinese cohort. Therefore, in this study we used FDG-PET to characterize the metabolic differences between different cognitive states in PD.
Materials and Methods

Subjects
Sixty patients with PD were recruited from the Department of Neurology, Huashan Hospital, Fudan University, between March, 2011 and November, 2014. Before entering the study, all subjects were screened and clinically examined by two senior investigators of movement disorders. Based on the UK Brain Bank criteria [9] , a diagnosis of PD was made in all subjects if the patients had 'pure' parkinsonism without a history of known causative factors such as encephalitis or neuroleptic treatment, and did not have supranuclear gaze abnormalities or ataxia. Cases with any history of cerebrovascular disease, metabolic disease, head injury, severe psychiatric illness, or with abnormal findings on MRI or CT were excluded from the study.
All participants provided written informed consent in accordance with the Declaration of Helsinki. All aspects of the study were approved by the Human Studies Institutional Review Board, Huashan Hospital, Fudan University.
Clinical and neuropsychological evaluation
The patients were off anti-parkinsonian medications for at least 12h before clinical assessment. The severity and stage of the patient's parkinsonism was evaluated using the Unified Parkinson's Disease Rating Scale motor (UPDRS-III) subscore and the modified Hoehn and Yahr stage. To standardize data on medication use, we converted dosages of PD medications to total daily levodopa equivalent doses. None of the patients were treated with benzodiazepines, neuroleptics or antidepressants.
The patients underwent neuropsychological examination while on their routine medications. Global cognition was evaluated using the Mini Mental State Examination (MMSE) [10] . Depression was rated using the Geriatric Depression Rating Scale (GDS) [11] . Five specific cognitive domains were assessed by a complete neuropsychological battery. Attention and working memory were assessed utilizing the Symbol Digit Modality Test (SDMT) [12] and Trail Making Test A (TMT-A) [13] . Executive function was assessed utilizing Stroop Color-Word Test (CWT) [14] and Trail Making Test B (TMT-B) [13] . Language was assessed utilizing Boston Naming Test (BNT) and Animal Fluency Test (AFT) [15] . Memory was assessed utilizing Auditory Verbal Learning Test (AVLT) [16] and delayed recall of the Rey-Osterrieth Complex Figure Test [17] . Visuospatial function was assessed utilizing Clock Drawing Test [18] and copy task of Rey-Osterrieth Complex Figure test [17] (S1 Table) .
The clinical diagnostic criteria for dementia in PD were applied to diagnose dementia in the present study [19] [20] . MCI was diagnosed according to the recommendations of the Movement Disorder Society (MDS) Task Force 2012 by Level 2 [21] . The performance on a cognitive test was considered abnormal if the score was 1.5 SDs below the norm. Impairment on at least 2 neuropsychological tests, represented by either 2 tests showing impairment in 1 cognitive domain or 1 test showing impairment in 2 different cognitive domains, was required. PD patients who did not fulfill the criteria for PD-MCI or PDD were classified as PD-NC.
PET imaging
Patients underwent a FDG-PET study and neuropsychological evaluation within 3 months. Before FDG PET imaging, the patients were asked to fast for at least 6 h, but had free access to water. Before injection of the radiopharmaceutical agent, blood glucose was checked and confirmed to be <120 mg/dl in all cases. PET scans were performed with a Siemens Biograph 64 PET/CT (Siemens, Germany) in three-dimensional (3D) mode. A CT transmission scan was first performed for attenuation correction. The scan was started 45 min after an intravenous bolus injection of 185 MBq of FDG and lasted for 10 min. Hanning filters were used during image reconstruction with filtered-backprojection, giving a transaxial and axial cut-off frequency of 0.5. As no arterial blood sampling was taken in this clinical imaging protocol, we could not measure absolute glucose metabolism in our subjects. Instead, we used radioactivity count images to measure changes in relative regional glucose metabolism. All studies in patients and normal individuals were performed in a resting state in a quiet and dimly lit room.
Imaging Processing
Preprocessing of imaging data was performed by SPM5 software implemented in Matlab7.4.0 (Mathworks Inc, Sherborn, MA). Scans from each subject were spatially normalized into Montreal Neurological Institute (MNI) brain space with linear and nonlinear three-dimensional transformations. The normalized PET images were then smoothened by a Gaussian filter of 10 mm FWHM (reduced Full Width at Half Maximum) over a 3D space to increase signal to noise ratio for statistical analysis.
Data Analysis
PET imaging data were analyzed by using the SPM5 software as described previously [22] . To characterize metabolic activity in PD groups and PD patients compared with controls, we performed a group comparison by using a two-sample t-test according to the general linear model at each voxel. Mean signal differences over the whole brain were removed by analysis of covariance in each individual subject.
To evaluate the results, we set the peak threshold at P<0.01 (uncorrected) over whole brain regions with an extent threshold of 80 voxels (corresponding to a tissue volume of 640mm 3 ).
Significant regions were localized by Talairach-Daemon software (Research Imaging Center, University of Texas Health Science Center, San Antonio, TX, USA). The SPM maps for altered glucose metabolism were overlaid on a standard T1-weighted magnetic resonance imaging (MRI) brain template in stereotaxic space. One-way analysis of variance was applied to test for differences in clinical characteristics and neuropsychological scores among PD groups (PD-NC, PD-MCI, PDD) and post hoc Scheffe was used for multiple comparison. Differences among groups for sex were evaluated with χ 2 . All analyses were performed using the SPSS software (SPSS for Windows, version 19.0; SPSS Inc., Chicago, IL, USA) and considered significant for P<0.05.
Results
Clinical data
The subjects included 60 PD patients, 30 were classified as PD-NC, 20 as PD-MCI and 10 as PDD. No significant differences were observed between groups in terms of age, sex, years of education, duration of disease, Hoehn and Yahr stage, UPDRS-III score, levodopa equivalent dose or GDS score. The detailed demographic and clinical profiles are shown in Table 1 and S2 Table. Cognitive and behavioral profiles
Compared with the PD-NC and PD-MCI patients, PDD patients had poorer scores in all neuropsychological tests. PD-MCI patients in turn had lower scores than PD-NC patients for all tests (Table 2 and S3 Table) . The cognitive domains affected in PD-MCI patients were as follows: 1 patient (5%) had only the attention domain affected; 7 patients (35%) had two domains affected; 7 patients (35%) had three domains affected; 4 patients (20%) had four domains affected; and 1 patient (5%) had five domains affected. 
Regional differences of cerebral metabolism
Regions with significant differences across the PDD, PD-MCI, and PD-NC groups are presented in Fig 1 and 
Discussion
The current study found that early cognitive decline in Parkinson's disease, defined as PD-MCI, was already associated with limited areas of hypometabolism predominantly in the frontal and temporal cortices compared with PD-NC patients. PDD patients exhibited more widespread hypometabolism, mainly located in the posterior parietal-occipital regions, compared with PD-MCI patients, and exhibited greater metabolic reductions in comparison with cognitively unimpaired PD patients. In our study, the cortical hypometabolism observed in the PD-MCI group was limited, mainly located in the frontal and temporal lobes relative to PD-NC patients. Previous studies in PD-MCI patients showed hypometabolism predominantly in the frontal [23] [24] [25] [26] , parietal [23, [25] [26] [27] , and occipital [27] cortices or more extensive involvement of temporo-parietooccipital regions [6] . The discrepancy was probably due to the lack of a cohesive definition of PD-MCI in the literature, as changes observed could be associated with varying severity of impairment depending on the study criteria used. Here we diagnosed patients with PD-MCI [21] .This is thought to be a more stringent diagnostic criterion that allows PD-MCI patients with lower levels of cognitive impairment to be included. Moreover, hypermetabolism in limited areas of frontal lobes was also observed in this study, presumably related to frontal compensation [28] . Our research in Chinese patients has revealed PD is associated with significant metabolic reduction since the early cognitive decline across populations of different ethnicity. The exploration of cerebral glucose metabolism in PDD started in 1985 [29] . In subsequent studies of severely affected PDD subjects, hypometabolism has been detected in the posterior cingulate, parietal, and temporal association regions, with a lesser involvement of the frontal cortex, when compared with nondemented PD patients and healthy controls [4] [5] . However, less information is available on comparison between PDD and PD-MCI patients. Here we found that PDD patients had extensive bilateral areas of hypometabolism in the frontal and posterior parietal-occipital lobes compared with PDMCI patients, and exhibited greater metabolic reductions in comparison with PDNC patients. The results of our study were consistent with a cross-sectional study in which PDD was found to be characterized by a more expansive cerebral hypometabolism than PD-MCI, predominantly in the posterior cortical areas [25] . The posterior cortical activity changes may reflect cholinergic denervation secondary to loss of nucleus basalis of Meynert afferents [30] [31] . Supporting this hypothesis, cholinergic dysfunction has been reported to be much greater in PDD than in nondemented PD subjects [32] [33] . The PDD subjects in this study also had significantly hypometabolism involving the frontal lobes compared with PD-MCI patients. The involvement of the frontal lobes may reflect that PDD subjects have more impaired prefrontal dopamine signaling. It has been proposed that mesocortical dopaminergic projections can influence cognitive function [34] . The decrease in dopamine concentrations was greater in demented than in non-demented patients with PD, which suggests a role for the degeneration of mesocortical dopaminergic system in the development of dementia [35] [36] . Overall, the anterior and posterior cortical hypometabolism observed in PDD patients may in part be due to mixed effects of dopaminergic and cholinergic denervation [31] .
The PD-MCI patients in our study showed limited areas of hypometabolism compared with PD-NC patients, whereas PDD patients exhibited widespread hypometabolism mainly in posterior areas compared with PD-MCI patients. This result might suggest an association between more severe cognitive impairment and posterior cortical hypometabolism. Furthermore, a 5-year follow-up study of cognitive from a cohort of incidental PD patients showed that early cognitive deficits related to posterior but not frontal cortex predicted more rapid cognitive decline and early dementia [37] . This hypothesis was supported by a prospective cohort study concluding that PDD is heralded by hypometabolism in posterior cortices [7] . Besides, the PD-MCI group, in which the hypometabolism of the posterior areas was limited in our study, might be an important stage for future studies concerning the delay or prevention of PDD. A recent study found that hypometabolism exceeds atrophy in some brain regions in PD patients with cognitive impairment [38] . The authors speculated that the non-atrophic hypometabolism areas might be considered 'metabolic penumbra' where cell loss is putatively reversible. Moreover, some investigations have reported that PD-MCI might be an unstable state with reversion to normal cognitive status at follow-up, even when the diagnosis of PD-MCI was based on comprehensive cognitive test batteries. The Norwegian ParkWest study reported a 25% reversal of PD-MCI to normal cognition over a 3-year period [39] . Broeders et al. reported less than 10% of PD-MCI cases reverting to normal cognition at 5 years [40] . Thus, given the relatively slight brain metabolic changes and probable fluctuating status, PD-MCI should be given more focus for early targeted therapeutic intervention and disease modification.
As previously mentioned, a limitation of this study was the cross-sectional study with a relatively small patient sample size, not allowing the comparison between baseline PET findings and the clinical outcome. Future longitudinal studies in larger group of patients with longer clinical follow-up are required to confirm these findings. A previous study [25] was limited by the lack of matched factors between the patient groups such as age, depression and motor severity. There were no such significant group differences in age, sex, years of education, duration of disease, levodopa equivalent dose, GDS scores and motor severity in our study. Therefore we believe our results would not have been significantly affected by these factors. Another strength of the study was the comprehensive battery of neuropsychological tests, with two or more tests for each cognitive domain, meeting a more stringent diagnostic criterion set by MDS.
Conclusions
Our results might be useful in identifying metabolic differences associated with different cognitive status in PD. For the first time we detected the hypometabolism predominantly in the frontal and temporal cortices in Chinese PD-MCI patients compared with PD-NC patients. Hypometabolism was much higher in the PDD patients than in PD-MCI patients, mainly in the posterior cortical areas. Ongoing follow-up will enable us to better evaluate such brain metabolic changes as ideal biomarkers for assessing the severity of cognitive impairment in PD or predicting the risk of developing PDD.
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